OBESITY AND type 2 diabetes have been linked to increased risk of a number of cancers (2, 13, 26, 40) , including colorectal cancer (CRC) (7, 35, 68, 86) . Hyperinsulinemia occurs during obesity and type 2 diabetes and is a compensatory response to impaired insulin receptor (IR) signaling, which may contribute to increased CRC risk, decreased response to chemotherapy or radiotherapy, and increased CRC recurrence and mortality (19, 27, 31, 56, 70) . However, the mechanisms underlying CRC risk and poor treatment outcome during obesity and hyperinsulinemia remain unclear.
Current views support the concept that tumors can arise due to survival and subsequent expansion of genetically damaged stem or progenitor cells (10, 73) . Apoptosis is a programmed cell death that eliminates cells with DNA damage that may otherwise contribute to neoplasia. The frequency of basal, spontaneous apoptosis in the nonchallenged small intestinal epithelium is very low (61, 62, 82) . Spontaneous apoptosis in the colonic epithelium is even rarer, consistent with relatively high levels of the antiapoptotic protein BCL-2 and low levels of the proapoptotic p53 (50, 51, 61, 79) . Therefore, models of DNA damage induced by low-dose (1-6 Gy) ionizing radiation with evaluation of maximal apoptosis at 3-4.5 h after radiation have served as useful systems to study apoptosis in the intestinal epithelium (62, 64, 65, 82) . Whereas in the small intestine both spontaneous and radiation-induced apoptosis occur primarily at the crypt base, where stem cells reside, apoptosis in the colon is scattered along the crypt and is not associated with the position of putative stem cells (61, 62) .
Our group and others have reported that insulin-like growth factor (IGF) 1 (IGF1) inhibits radiation-induced apoptosis in the intestinal crypts (64, 65, 82) . IGFs potently stimulate intestinal growth (15, 34, 53, 69) and are widely considered mediators of survival or proliferation of cancer cells (32, 59) . Levels of bioavailable IGF1 can be increased by elevated plasma insulin, which inhibits hepatic production of IGFbinding protein (IGFBP) 1 (22, 55) . Both insulin and IGF1 can exert mitogenic and antiapoptotic actions in normal and cancer cells via the IR or the IGF1 receptor (IGF1R) (11, 15, 30, 32) , both of which belong to the receptor tyrosine kinase family and are highly homologous in structure (81) . Because of the similarity between these receptors and their ability to mediate the actions of both IGF1 and insulin when these ligands are present at high circulating levels, studies of the specific roles of IGF1R vs. IR in proliferation and antiapoptosis during hyperinsulinemia have been challenging.
Traditionally, IGF1R has been viewed as the main mediator of the trophic, antiapoptotic, and protumorigenic actions of IGFs, and IGF1R overexpression has been reported in colorectal adenocarcinomas (3, 9, 33, 46, 80) . In contrast, IR has been considered to play a larger role in mediating the metabolic actions of insulin (1, 17, 44) . However, a concept that IR may promote tumor growth is based on evidence that a proliferative isoform of IR (IR-A) is highly expressed in cancer cells or tumors and studies showing that IR promoted tumor cell survival or growth when IGF1R was inhibited (5, 12, 18, 36, 39, 76) . Opposing this evidence was a study showing that knockdown of IR-A in SW480 colon cancer cells promoted cell viability, which was associated with enhanced IGF1R phosphorylation (16) . Therefore, the role of IR in colon epithelial cell (CEC) growth and survival is unclear.
Our prior human studies found that high plasma insulin and low apoptosis in normal rectal mucosa were consistently associated with colorectal adenomas in multiple patient cohorts (42, 43, 66, 77) . Therefore, defining the roles of obesityassociated hyperinsulinemia and IGF1R vs. IR in promoting survival of genetically damaged CECs is relevant to mechanisms by which obesity may promote risk of early-stage colon tumors. In this study we used a model of high-fat diet (HFD)-induced obesity and hyperinsulinemia challenged with DNA damage caused by low-dose radiation to directly evaluate the impact of obesity on apoptosis of genetically damaged CECs. These studies were performed in mice with genetic disruption of IGF1R or IR in intestinal epithelial cells (IECs) and littermate controls to more directly test whether loss of IGF1R-or IR-linked signaling affected radiation-induced CEC apoptosis in lean mice or during obesity and hyperinsulinemia. We hypothesized that obesity/hyperinsulinemia would lead to decreased apoptosis of genetically damaged CECs and that these antiapoptotic effects would be prevented or attenuated by deletion of IGF1R or IR. Our results provide novel evidence that obesity and hyperinsulinemia promote reduced apoptosis of CECs following DNA damage. Furthermore, our data indicate that IR, but not IGF1R, deletion increases apoptosis in lean and obese mice but does not prevent a reduction in apoptosis during obesity.
MATERIALS AND METHODS

Animals.
Mice with loxP sites flanking exon 3 of the Igf1r gene (IGF1R fl/fl ) were provided by Dr. Argiri Efstratiadis (Columbia University, New York, NY) and have been described by Xuan et al. (85) and Zhang et al. (87) . Mice with loxP sites flanking exon 4 of the Insr gene (IR fl/fl ) were provided by Dr. Ronald Kahn and have been described by Brüning et al. (17) . To generate mice with IEC-specific IGF1R or IR gene disruption, IGF1R
fl/fl and IR fl/fl mice were crossed with villin-Cre (VC) mice expressing a Cre recombinase transgene driven by the villin promoter (Jackson Laboratory, Bar Harbor, ME) (29) . The VC transgene is expressed throughout small intestinal and colonic epithelium. All mice were on a C57BL/6 background. Study animals were derived by cross-breeding WT-IGF1R fl/fl and VC-IGF1R ⌬/⌬ mice or WT-IR fl/fl and VC-IR ⌬/⌬ mice. Genotyping on tail DNA was performed as previously described (14, 87) . Animals were housed in a pathogen-free facility at the University of North Carolina (Chapel Hill, NC), and food and water were provided ad libitum. All animal experiments were approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill. animals on a given diet were co-housed throughout the study. In C57BL/6 mice, this HFD leads to obesity, hyperinsulinemia, and insulin resistance within 14 -16 wk of onset of the diet (28, 84) . Male mice were used, because our prior studies demonstrated more reproducible and consistent development of obesity and hyperinsulinemia in males than females on the C57BL/6 background (4). In the current study, after 16 wk on the control diet or HFD, blood was collected from the tail vein after an overnight fast and plasma was isolated by centrifugation at 600 relative centrifugal force for 6 min. Fasting blood glucose levels were measured using a glucometer (OneTouch Ultra 2, LifeScan, Milpitas, CA). Mice were fed the control diet or HFD for an additional 2 wk before radiation and euthanasia. Radiation and tissue harvest. After 18 wk on diets, mice were anesthetized with isoflurane (Baxter, Deerfield, IL) and exposed to a single 5-Gy dose of abdominal radiation using an XRad 320 (Precision X-Ray, North Branford, CT) at a rate of 1.07 Gy/min. Euthanasia was carried out with a lethal dose of pentobarbital sodium (Nembutal; 150 g/g ip) 4 h after radiation, a time corresponding to maximal apoptosis of IECs after radiation-induced DNA damage (8, 21, 47, 60, 65) . The colon was collected and flushed with cold 1ϫ PBS (pH 7.4). All mesenteric fat was removed and discarded. Length and weight of the entire colon were recorded. For the first group of mice, the entire colon was splayed open and fixed in 4% paraformaldehyde overnight for histological scoring of apoptosis. For the second group, the most proximal and distal ϳ1-cm segments of the colon were fixed in 10% zinc formalin overnight to confirm histological apoptosis data obtained from the first group. The remaining tissue was splayed open, and 3-to 4-cm sections of the distal colon were used for CEC isolation for gene and protein expression experiments. The distal colon was the focus of both histological and biochemical analyses, because, in mouse models of CRC, tumors develop mainly in the distal colon, and prior studies have documented reduced apoptosis in rectal biopsies from patients with elevated plasma insulin (43, 77) .
Blood and plasma measurements. Fasting plasma insulin was measured by ELISA (Mercodia, Uppsala, Sweden). Insulin sensitivity was estimated by calculation of homeostatic model assessment (HOMA) values using the following formula: fasting glucose (mmol/l) ϫ fasting insulin (mU/l)/22.5. Higher HOMA values indicate decreased insulin sensitivity. Blood was collected by cardiac puncture at the time of euthanasia, and plasma was extracted using acid-ethanol to remove IGFBPs, as previously described (74) . IGF1 levels in plasma were measured by ELISA (R & D Systems, Minneapolis, MN).
Immunohistochemistry and histological analyses. Histological sections were visualized with a bright-field microscope (Axio Imager.A2, Zeiss, Thornwood, NY) and a ProgRes CF Scan camera (Jenoptik, Jena, Thuringia, Germany). After overnight fixation in 10% zinc formalin, closed cross sections were embedded in paraffin for hematoxylin-and-eosin staining. Crypt depth in 20 well-oriented crypts for each animal was measured using the software ProgRes Capture Pro 2.7. Splayed-open colons fixed in 4% paraformaldehyde were cryopreserved by two subsequent overnight incubations in 10% and 30% sucrose at 4°C. Tissues were embedded in optimal cutting temperature compound (OCT, Sakura, Torrance, CA) and allowed to freeze on dry ice. Sections (6 m thick) were placed on microscope slides and baked at 37°C overnight and then at 60°C for 2 h. Heat-induced epitope retrieval (HIER) was performed using HIER Buffer L (pH 6.0; catalog no. TA-135-HBL, Thermo Scientific). Slides were washed in distilled water and incubated in 3% hydrogen peroxide for 10 min at room temperature and then blocked with 10% normal goat serum for 1 h. Slides were incubated with a cleaved caspase-3 antibody (Cell Signaling Technology, Danvers, MA) at 4°C overnight. Incubation in biotinylated goat anti-rabbit antibody (Jackson Immunoresearch, West Grove, PA) was performed for 1 h at room temperature. Apoptosis was assessed by quantification of cells positive for cleaved caspase-3 staining in 40 well-oriented crypts for each mouse. The total number of cells per crypt was quantified on the basis of hematoxylin-stained nuclei. The apoptotic indexes were determined for each crypt by calculation of the percentage of cleaved caspase-3-positive cells relative to the total number of cells.
CEC isolation. Distal colon segments were placed in a solution containing 30 mM EDTA-1.5 mM DTT-1ϫ PBS for 20 min on ice. The tissues were transferred to a 30 mM EDTA-1ϫ PBS solution and incubated in a 37°C water bath for 10 min. Samples were shaken vigorously for 1 min to separate the epithelium from the submucosal and muscularis layers and centrifuged at 1,750 rpm for 5 min. After two washes with 1ϫ PBS, samples were pelleted and resuspended in RLT buffer (Qiagen, Valencia, CA) containing 1:100 2-mercaptoethanol (Gibco, Grand Island, NY) for RNA extraction or flash-frozen for protein extraction.
Protein extraction and Western blotting. Isolated CECs were lysed with hot Laemmli buffer, boiled, and sonicated. Protein samples were run on NuPAGE 4 -12% Bis-Tris 1.0-mm gels (Life Technologies, Carlsbad, CA) and transferred to a 0.45-mm-pore polyvinylidene difluoride membrane (Millipore, Billerica, MA). Membranes were blocked with Blocker Casein in Tris-buffered saline (Thermo Fisher Scientific, Waltham, MA) for 1 h and incubated at 4°C overnight in primary antibodies: IR-␤ (Santa Cruz Biotechnology, Santa Cruz, CA); IGF1R-␤, phosphorylated H2AX (pH2AX), p53, phosphorylated JNK (pJNK), and JNK (Cell Signaling Technologies, Danvers, MA); and ␤-actin (Sigma Aldrich, St. Louis, MO). Membranes were washed with 1ϫ Tris-buffered saline-0.1% Tween buffer and incubated in DyLight 800 goat anti-rabbit or anti-mouse IgG secondary antibody (1:10,000 dilution; Pierce, ThermoScientific, Rockford, IL) at room temperature for 2 h. Protein was visualized with an infrared imager (Odyssey CLx, version 3, LI-COR, Lincoln, NE), and band intensity was measured with ImageJ software (National Institutes of Health).
RNA isolation and high-throughput real-time PCR. RNA was isolated from CECs using the RNeasy kit (Qiagen, Valencia, CA) according to the manufacturer's instructions. High-quality RNA as determined by the 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA) was utilized for high-throughput gene expression analyses using the BioMark HD System (Fluidigm, San Francisco, CA), as previously described (48), based on the manufacturer's protocol. An RNA pool derived from pooling equal amounts of all samples studied was used as the reference sample. All test mRNAs were normalized to the mRNA encoding the housekeeping gene hydroxymethylbilane synthase (Hmbs). TaqMan primer/probes for data presented here include Mm01143545_m1 (Hmbs), Mm00432051_m1 (Bax), Mm00477631_m1 (Bcl2), Mm00480750_m1 (Perp), and Mm00438168_m1 (Cdkn1b) and were purchased from Applied Biosystems (Carlsbad, CA).
Statistical analyses. Data were collected from multiple independent experiments, each consisting of four to eight mice. Subsets of mice were used for different assays. Sample size was selected on the basis of prior studies of apoptosis and potential downstream effectors in genetically manipulated mice (38, 64, 65, 82) . Apoptosis, which was the primary end point, was studied in five to eight mice per group, but protein analyses involved fewer animals per group because of limiting amount of colon tissue, and data reflect animals from multiple litters. Values are means Ϯ SE. Morphological measurements and quantification of apoptosis, protein, and mRNA levels were analyzed by two-way analysis of variance for main effects of diet or genotype and interactions between diet and genotype. Multiple comparisons were performed by Tukey's test. All analyses were performed using GraphPad Prism 6 software (La Jolla, CA), and P Ͻ 0.05 was considered statistically significant.
RESULTS
IEC-specific disruption of IGF1R or IR.
The PCR gel in Fig.  1 
confirms that VC-IGF1R
⌬/⌬ and VC-IR ⌬/⌬ (Fig. 1, A ⌬/⌬ animals and no change in IGF1R levels during obesity (Fig. 1C) . Similarly, we confirmed loss of IR protein expression in CECs from VC-IR ⌬/⌬ mice and unchanged IR protein levels in obese vs. lean WT-IR fl/fl mice (Fig. 1D) . Table 1 describes weight gain, fasting glucose, insulin, HOMA, and plasma IGF1 in mice after 18 wk on HFD or control diet. All HFD-fed mice gained significantly more weight than control diet-fed mice. statistical significance (P ϭ 0.053, by Student's t-test). This illustrates that mice from different colonies can show quantitatively different body weight gain in response to the HFD. Importantly, however, HFD-induced weight gain in VC-IGF1R ⌬/⌬ mice did not differ from that in WT-IGF1R fl/fl mice. Similarly, weight gain was virtually the same in VC-IR ⌬/⌬ and WT-IR fl/fl mice when fed the HFD. Thus, loss of IGF1R or IR has no discernible effect on HFD-induced weight gain. All HFD-fed animals exhibited increased fasting levels of blood glucose, plasma insulin, and HOMA, indicative of decreased insulin sensitivity. There were no significant differences across genotypes in any of these HFD-induced metabolic parameters. Plasma IGF1 levels did not differ between diet groups or genotypes. Our data, therefore, demonstrate that IEC-specific loss of IGF1R or IR does not affect the metabolic phenotype associated with HFD (45% kcal fat) feeding for 18 wk, at least in the parameters measured.
IGF1R or IR loss in IECs does not impact weight gain, hyperinsulinemia, hyperglycemia, or insulin insensitivity resulting from long-term HFD feeding.
Loss of IGF1R in CECs does not impact measures of colon growth in obese or lean mice. We next examined the effects of obesity and IGF1R deletion on colon weight, length, and morphometry. Obese mice had lighter and shorter colons, as previously observed in the small intestine in our recently published studies (4, 48) , but disruption of IGF1R did not impact this phenotype (Fig. 2, A and B) . Colon crypt depth was unaffected by obesity or loss of IGF1R (Fig. 2C) . These data suggest that basal morphology and morphometry of the colon are not altered by epithelial loss of IGF1R in lean or obese mice.
IGF1R loss in CECs does not cause a compensatory increase in IR protein.
Since no differences were observed in gross or histological morphology of colons lacking epithelial IGF1R, we asked if IR protein levels in CECs were increased in response to IGF1R loss. Expression of IR was similar in obese and lean WT-IGF1R fl/fl mice, and IGF1R loss did not significantly affect IR protein levels in CECs of mice from either diet group (Fig. 2D) .
Obesity promotes decreases in radiation-induced apoptosis of CECs, and this is unaffected by IGF1R deletion. We hypothesized that diet-induced obesity and hyperinsulinemia would decrease the ability of CECs to undergo apoptosis following DNA damage. Quantification of cleaved caspase-3-positive cells in colon crypts revealed a 42.8% lower level of apoptosis in obese WT-IGF1R fl/fl animals than in their lean counterparts at 4 h after 5-Gy radiation (Fig. 3, A and B) . We next asked if the antiapoptotic effects of obesity/hyperinsulinemia were affected by IGF1R deletion. Surprisingly, no differences in the apoptotic index were observed between WT-IGF1R fl/fl and VC-IGF1R ⌬/⌬ mice in lean or obese groups (Fig. 3, A and B) . pH2AX, a well-established biomarker of DNA damage, was assessed by Western immunoblotting to verify that obesity or IGF1R deletion did not affect DNA damage. Levels of pH2AX were similar in all groups (Fig.  3, C and D) . Together, these findings indicate that obesity and hyperinsulinemia promote resistance of CECs to apoptosis after radiation-induced DNA damage, and, surprisingly, IGF1R loss did not impact these effects.
Loss of IR in CECs does not affect basal colon growth and does not alter IGF1R protein expression in obese or lean mice.
Consistent with findings in the IGF1R mouse colony, obesity (Fig. 4, A and B) . Colon crypt depth was similar across all groups (Fig. 4C) , and neither obesity nor IR loss affected IGF1R protein levels (Fig. 4D) . These data indicate that loss of IR in CECs has no detectable effects on colon weight, length, or morphometry and does not lead to a compensatory increase in IGF1R protein.
IR loss increases apoptosis of genetically damaged CECs in lean and obese animals. We next examined if IR, rather than IGF1R, was required for the antiapoptotic effects of obesity and hyperinsulinemia on CECs with DNA damage. In obese WT-IR fl/fl mice, apoptosis levels were reduced by 44.5% relative to lean WT-IR fl/fl mice (Fig. 5, A and B) , consistent with findings in obese WT-IGF1R fl/fl mice. Interestingly, lean VC-IR ⌬/⌬ mice had significantly more cleaved caspase-3-positive cells than lean WT-IR fl/fl mice, providing evidence that IR loss increases early radiation-induced apoptosis of CECs. Obese VC-IR ⌬/⌬ mice also had a higher apoptotic index than obese WT-IR fl/fl animals, further indicating antiapoptotic roles of IR. However, apoptosis levels were significantly (36.7%) lower in obese VC-IR ⌬/⌬ than lean VC-IR ⌬/⌬ mice (Fig. 5, A and B) . Levels of the DNA damage marker pH2AX were not affected by diet or genotype (Fig. 5, C and D) . Overall, these results show that disruption of IR leads to increased apoptosis of genetically damaged CECs in lean and obese mice but does not prevent a reduction in radiation-induced apoptosis associated with obesity/hyperinsulinemia.
Obesity and IR loss impact protein expression of p53 and mRNA levels of Perp and Cdkn1b/p27 in genetically damaged
CECs. We next evaluated mediators known to contribute to radiation-induced apoptosis to gain insight into mechanisms by which obesity promotes reduced apoptosis and IR deletion enhances apoptosis. CECs were isolated from WT-IR fl/fl and VC-IR ⌬/⌬ mice, and levels of proapoptotic and antiapoptotic mediators were assessed. We examined p53, a key sensor of DNA damage that is a required mediator of apoptosis in the intestinal crypts within the initial hours following radiation (20, 50) . At 4 h after 5-Gy radiation, there was a small, but significant, reduction in p53 protein levels in CECs of obese vs. lean WT-IR fl/fl animals (Fig. 6, A and B) . Furthermore, lean and obese VC-IR ⌬/⌬ mice had significantly increased p53 protein levels compared with their WT-IR fl/fl counterparts (Fig. 6, A  and B) . We also evaluated c-Jun amino-terminal kinase (JNK) activation, which has been functionally linked to insulin resistance and apoptosis in other systems (23, 37, 58, 75) . However, phosphorylated JNK was unaltered in CECs of obese vs. lean mice or mice with intact or deleted IR (Fig. 6, C and D) . Next, we performed high-throughput quantitative RT-PCR on 96 mRNAs encoding regulators of apoptosis or cell cycle progression, but relatively few mRNAs showed significant changes. We found no differences in mRNA levels of proapoptotic Bax or antiapoptotic Bcl2 in obese vs. lean mice or across genotypes (Fig. 6, E and F) . However, mRNA levels of p53 targets Perp (a p53 apoptosis effector related to PMP-22) and tumor suppressor Cdkn1b (which encodes for p27) were significantly downregulated in CECs of obese WT-IR fl/fl and VC-IR ⌬/⌬ mice vs. lean mice of the same genotype (Fig. 6, G and H) . Perp and Cdkn1b/p27 mRNAs were also significantly higher in CECs from lean VC-IR ⌬/⌬ mice than lean WT-IR fl/fl controls. These data indicate that obesity and IR deletion promote changes in expression of p53 protein and Perp and p27 transcripts that may contribute to effects of obesity or IR deletion on apoptosis of CECs after DNA damage.
DISCUSSION
This study investigated the effects of obesity and hyperinsulinemia on apoptosis of CECs after radiation-induced DNA damage. Using a mouse model of HFD-induced obesity/hyperinsulinemia, we found that obesity led to reduced CEC apoptosis 4 h after 5-Gy radiation. To assess the mechanisms linked to reduced apoptosis in obesity and hyperinsulinemia, we used mice with genetic deletion of IGF1R or IR specifically in IECs. We found that apoptosis levels in lean and obese mice were unaffected by IGF1R loss. However, IR loss significantly increased apoptosis of genetically damaged CECs in lean and obese mice but did not prevent the reduction in apoptosis in obese animals. Together, our findings in two independent mouse colonies show that obesity and hyperinsulinemia decrease apoptosis of CECs after radiation-induced DNA damage. We provide novel and unexpected evidence that loss of IR, but not IGF1R, increases apoptosis of genetically damaged CECs in lean or obese mice, indicating novel antiapoptotic roles of IR in the colon. However, IR does not appear to mediate the reduction in apoptosis associated with obesity and hyperinsulinemia.
A large body of clinical data has linked obesity, hyperinsulinemia, insulin therapies, and diabetes to CRC risk (7, 35, 43, 66, 83, 86) , and considerable interest in the potential role of the insulin/IGF system in mediating this risk has emerged. Because of the structural similarities and overlapping functions of IGF1R and IR, as well as their ability to bind both insulin and IGF1 when present at high levels, defining the individual roles of these receptors in cell growth and death has been challenging. We therefore generated mice with disruption of IGF1R or IR specifically in intestinal epithelium to evaluate their roles in apoptosis of genetically damaged CECs, which may reflect an important mechanism to remove cells that could harbor potentially oncogenic mutations. The colons of lean mice with IEC-specific IR or IGF1R deletion showed no obvious basal growth defects, as demonstrated by the unaltered colon length, weight, and crypt depth with loss of either receptor. This demonstrates that colon growth is unaffected by loss of IR or IGF1R in healthy adult mice. Reduced colon weight and length in mice with HFD-induced obesity are consistent with findings in the small intestine (4, 48, 71) . The cause and significance of this observation warrant further study and may reflect high fat content, reduced fiber, or altered microbiota that occur as a result of a HFD. Findings by Soares et al. (71) also suggest that altered myenteric innervation may play a role in responses of the small intestine to a HFD. Future studies can address whether altered myenteric innervation accompanies the shortened colon in obese mice. Our initial pilot studies attempted to evaluate colon epithelial apoptosis in nonirradiated lean and obese animals. We observed 0.005 Ϯ 0.003 apoptotic cells per crypt in lean animals but none in obese mice, and we believed that these numbers were too low for valid quantification. We therefore studied the impact of obesity on radiation-induced apoptosis. After radiation-induced DNA damage, apoptosis was decreased in CECs of obese and hyperinsulinemic mice. These findings in two independent colonies of mice provide, to our knowledge, new and direct evidence that obesity and hyperinsulinemia promote reduced apoptosis of genetically damaged CECs. This evidence in preclinical models supports our previous findings in humans linking increased plasma insulin to reduced apoptosis in normal rectal mucosa, which in fact predicted risk of colorectal polyps (42, 43) .
The role of the IR in the gut epithelium has been understudied, while significantly more attention has been focused on IGF1R because of its well-known role in growth and cancer (3, 15, 59) . Elevated plasma insulin promotes increases in circulating "free" IGF1 because of inhibition of hepatic production of IGFBPs (22) . Elevated plasma IGF1 has been associated with normal and aberrant colon growth (54, 69, 72) , and IGF1R has been traditionally considered a major mediator of the proliferative and antiapoptotic effects of IGF1 or insulin. Our findings that loss of IGF1R did not impact radiationinduced apoptosis of CECs in obese/hyperinsulinemic mice suggest that, in the colon, IGF1R is not required for antiapoptotic effects of obesity-associated elevations in plasma insulin. In vitro evidence for antiapoptotic roles of IR has been reported in primary hepatocytes of newborn mice and mouse embryo fibroblasts (52, 63) . Our work showing dramatic increases in apoptosis of genetically damaged CECs lacking IR, therefore, provides novel evidence that IR exerts antiapoptotic actions in the adult colonic epithelium in vivo. However, our observations that IR deletion does not prevent the reduction in apoptosis in obese vs. lean mice indicate that other mechanisms, possibly independent of hyperinsulinemia, contribute to obesity-associated reductions in apoptosis and require further study. Future studies may focus on the role of the microbiota in CEC apoptosis, as it is well established that obesity results in changes in the gut microbial composition (25, 45) .
Early radiation-induced apoptosis as studied here is known to require p53 (50) . Insulin is known to activate Akt, a key signaling mediator downstream of IR, and Akt can promote phosphorylation of Mdm2, which decreases p53 levels (49). Our findings of reduced p53 levels in CECs from obese/ hyperinsulinemic mice provide mechanistic evidence that reduced p53 may contribute to reduced CEC apoptosis in obesity and hyperinsulinemia. Increased p53 and apoptosis in CECs of mice with IR deletion also support roles of elevated p53 in mediating proapoptotic consequences of loss of IR signaling. However, the effects of obesity and IR deletion on levels of p53 protein were relatively small, and the increased p53 in IR-deficient CECs did not prevent antiapoptotic effects of obesity. Additional work is therefore needed to further explore the mechanistic and functional relationships between obesity, IR, and p53 that may impact apoptosis in the colonic epithelium.
Another approach we took to address mechanisms underlying the impact of obesity or IR deletion on apoptosis was high-throughput quantitative RT-PCR for mRNAs encoding 96 mediators linked to apoptosis or the cell cycle. Relatively few mediators changed. We included data showing lack of effects of obesity or IR loss on Bax or Bcl2 mRNA, which argues against a role of these key regulators of apoptosis. Perp is transcriptionally induced by p53 in normal and cancer cells specifically during apoptosis (6, 24, 41) . Cdkn1b encodes the tumor suppressor and cell cycle inhibitor p27, which is downregulated in tumors from p53 null mice and can be upregulated by p53 to protect normal IECs from the cytotoxic effects of chemotherapy (57, 67, 78) . Our findings of reduced levels of Perp and Cdkn1b mRNAs in CECs of obese mice are consistent with potential roles of these known p53 targets in the obesity-associated reductions After radiation-induced DNA damage in CECs, diet-induced obesity/hyperinsulinemia was associated with reduced apoptosis and reduced p53 and p53 targets (A), deletion of IGF1R did not impact apoptosis in lean or obese mice (B), and deletion of IR promoted increases in apoptosis in lean and obese animals, and this was associated with increased p53 and p53 targets (C).
in apoptosis. Increases in Perp and Cdkn1b mRNAs, as well as p53, in lean VC-IR ⌬/⌬ mice also support a mechanism whereby p53-mediated induction of these mediators may contribute to the elevated apoptosis due to IR loss. However, factors other than p53 likely contribute to reduced Perp and Cdkn1b mRNAs in obese VC-IR ⌬/⌬ mice, since p53 expression was not reduced in CECs from these mice. Therefore, although some evidence points to involvement of p53 and p53 targets in effects of obesity or IR on apoptosis, additional work is required to fully define the mechanisms driving altered apoptosis. It is noteworthy that mechanistic studies at the level of activated signaling proteins and mRNAs are a challenge, because even after radiation, relatively few of the total CECs undergo apoptosis. Therefore, approaches such as analyses of single cells may be necessary to better define mechanisms and mediators that regulate apoptosis. Figure 7 summarizes our current findings. Our study is, to our knowledge, the first to directly show that obesity and hyperinsulinemia promote resistance of CECs to apoptosis after DNA damage, and this effect is associated with reduced p53 and known targets. Furthermore, we provide novel evidence that IR, and not IGF1R, normally protects genetically damaged CECs from apoptosis in both lean and obese hyperinsulinemic mice. Overall, our work suggests that 1) more attention should be given to the physiological roles of IR in cell death and survival in the colon crypts to better understand the mechanisms underlying normal or aberrant colon growth and 2) neither colon epithelial IR nor IGF1R is required for the antiapoptotic effects of obesity in CECs after DNA damage, and additional mechanisms should be explored.
